Abstract
Introduction

Our understanding of the role of interstitial cells of Cajal (ICC) in control of gastrointestinal motility has been facilitated greatly by studying mice and rats which harbour a mutation in the c-kit gene that results in abnormal development of subtypes of ICC. In the intestine it has provided strong evidence for a pacemaker function of ICC associated with Auerbach's plexus (ICC-AP), in intestinal tissues without ICC-AP, no electrical slow wave activity was observed
. This was substantiated by studies on isolated ICC which showed rhythmic pacemaker currents whereas isolated smooth muscle cells did not [3, 4] . In vivo, the absence of ICC pacemaker cells markedly affects intestinal motility with the regular rhythmic anally directed peristalsis replaced by disorganized contractile activity [5] . Further studies showed that the intestinal musculature in W mutant animals, in response to stretch or distention can produce rhythmic propagating contractions in the absence of ICC [6] [8] [9] [10] . The canine colon, however, is not a good model for human colonic motility and it is highly relevant to study the role of ICC in other models [11] . The rat colon has provided us with data suggesting that ICC-AP are associated with regular rhythmic depolarizations at 1.2 cycles/min. [12, 13] and that ICC associated with the submuscular plexus (ICC-SMP) may provide a pacemaker function associated with fast rhythmic depolarizations at 20 cycles/min. [13] . In the Ws/Ws colon, this high-frequency pacemaker activity was not evident [12] and the present study provides support for the hypothesis that absence of ICC-SMP is responsible for this.
The role of ICC in innervation is more controversial. Evidence for a role of ICC in mediating nitrergic innervation to the musculature was obtained using the W/W
v stomach [14] . This led to a hypothesis that nitric oxide would not effectively diffuse from varicosities to smooth muscle cells suggesting that ICC were essential in nitrergic innervation [15] . Subsequently studies appeared that showed evidence in support of [16, 17] or against [18, 19] [22] . 
the hypothesis. The role of ICC in innervation of the gut is likely to be very important but it should primarily be viewed as innervation of ICC to modify ICC function and thereby indirectly affecting smooth muscle activity. Controversies in interpretation have been due in part to
Material and methods
Animals and tissue preparation
Conventional electron microscopy
Immunoelectron microscopy for c-Kit
Results
Quantitative immunohistochemistry
In order to assess correlations between loss of electrical pacemaker activity [12] (Table 1) . In order to identify potential ICC progenitor cells [21] , double labelling of c-Kit and Igf1r (Fig. 3a-l) , Igf1r and CD34 (Fig. 4a-i ) or Igf1r and PGP 9.5 ( Fig. 5a-f) (Fig. 4a-i ) and PGP 9.5 ( Fig. 5a-f) . Only a fraction of the CD34 ϩ cells showed Igf1r immunoreactivity (Fig. 4a-f) . In Ws/Ws colon (Fig. 4d-i Auerbach's plexus, within the muscle layers and close to the SMP (Fig. 4f) Fig. 5c and f) . (Fig. 10a) . In the Ws/Ws colon, only a few ICC were present (Fig. 7c) . [22] . (Fig. 7c) and FL-ICC (Fig. 7d) were observed. Immuno EM showed typical ICC to be c-Kit ϩ (Fig. 8a and b) and FL-ICC to be c-Kit - (Fig. 8b) . Fig. 9b-d ), which were connected to each other (Fig. 9d) . In many profiles, the only feature different from typical ICC was an absence of caveolae (Fig. 9c) . Fibroblasts (Fig. 9c) (Fig. 10a) . 
Ultrastructure
The dominant interstitial cells associated with nerve structures in the wild-type and Ws/Ws colon were ICC, FL-ICC, fibroblasts and macrophage-like cells. The term FL-ICC was used in accordance with the studies of Ishikawa and co-workers in the Ws
FL-ICC were present in much higher number with an electron-dense cytoplasm and all other characteristics of ICC except that they had conspicuous rough endoplasmic reticulum and were without caveolae as identified in the profiles studied, similar to the FL-ICC in the Ws stomach
Typical examples are shown in Figs 7d and 9c and d. These FL-ICCs occupied the typical position of ICC and they were seen to make contact with adjacent FL-ICC and smooth muscle cells (Figs 7d and 9d). They were also close to nerve structures but no special junction was found between them as they occur between ICC-IM and nerves. The differences between these FL-ICC and traditional fibroblasts (Figs 9c and 10b) were their higher electron density, the close connections with similar cells, ICC and/or smooth muscle cells and occupation of typical ICC sites. At the level of Auerbach's plexus in the Ws/Ws colon, both typical ICC-AP
At the SMP of Ws/Ws colon, many interstitial cells were found associated with nerve structures (Fig. 9d). There were almost no typical and ultrastructurally defined ICC-SMP as in wild-type colon (Fig. 9a). Most of the interstitial cells in this region were FL-ICC (
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Fig. 7 Ultrastructure of interstitial cells (ICC and FL-ICC) at the Auerbach's plexus of wild-type (a) and Ws/Ws rat colon (b-d). (a) An ICC-AP (ICC) with typical ultrastructural features of ICC-electron-dense cytoplasm, abundant mitochondria and numerous caveolae (small arrows), in the wild-type rat proximal colon. The ICC was typically close to nerve bundles (N) of the Auerbach's plexus between the circular (CM) and longitudinal muscle layer (LM). (b). Ultrastructure at low magnification showing an overview of interstitial cells associated with Auerbach's plexus in Ws/Ws proximal colon. Abundant interstitial cells (which could not be identified at low magnification, asterisks) were located around a myenteric ganglion (G). The arrow identifies a process of an interstitial cell that is closely connected with nerve varicosities from the myenteric ganglion (G). (c). At higher magnification ICC-AP (ICC) can be identified in Ws/Ws proximal colon. ICC showed the same ultrastructural features as the one in figure a (small arrows indicated the caveolae) and was also close to a nerve bundle (N). A typical fibroblast (F), which has lower electron density and a large amount of rough endoplasmic reticulum in the cytoplasm, was nearby. (d). Two FL-ICC with fibroblast features (abundant rough endoplasmic reticulum) were connected to each other (box) in the Auerbach's plexus of Ws/Ws mid colon. There were no caveolae displayed along their cell membrane in this profile. Inset is an enlarged figure of the boxed area of (d), showing a gap junction between the two cells. CM and LM: circular and longitudinal muscle layers. muscle cells. These c-Kit -cells are similar to the FL-ICC identified
in the rat stomach [22, 28, 29] , and mouse small intestine [30] . Another interesting feature of FL-ICC is their SK3 positivity [31, 32] [34] . Future studies might identify immunohistochemical markers of immature ICC.
In the rat colon, ICC-SMP may provide a pacemaker function in addition to ICC-AP; the ICC-SMP are associated with fast rhythmic depolarizations at 20 cycles/min. [13] . In the Ws/Ws colon, this high-frequency pacemaker activity was not evident [12] [6] . Strong slow wave activity was observed in tissue cultures devoid of ICC but rich in putative ICC progenitor cells [21] . Further understanding of progenitor cells may lead to avenues of restoring primary pacemaker activity [49, 50] in tissue that have lost ICC through injury [51] [52] [53] [54] or abnormal development [55] . 
